The reproductive strategy of red spiny lobster Palinurus elephas from the north coast of Tunisia was investigated. We examined oögenesis of P. elephas by studying the histology of the ovaries. Seven growth substages of oöcytes were distinguished: 1) early primary oöcyte, St1; 2) late primary oöcyte, St2; 3) primary vitellogenic oöcyte, St3; 4) early secondary vitellogenic oöcyte, St4; 5) late secondary vitellogenic oöcyte, St5; 6) hyaline oöcyte, St6; and 7) atretic oöcyte, Atr. The kinetics of oögenesis of females is characterized by six successive ovarian development phases: Juvenile, sexual resting, beginning of vitellogenesis, vitellogenesis, spawning and post-spawning and recuperation. The oöcyte diameter frequency distributions were established for each mature female sampled and fitted by a Weibull function: f (x,a,b)~1{e
INTRODUCTION
The spiny lobster Palinurus elephas (Fabricius, 1787) can be found on rocky and coralligenous substrates from close inshore to depths of about 200 m (Goñi and Latrouite, 2005) . Palinurus elephas is the most commercially important spiny lobster species in the Mediterranean and Northeastern Atlantic (Goñi et al., 2003) and has traditionally been targeted by the various artisanal gears fisheries, especially in the Western Mediterranean Sea (Marin, 1985 (Marin, , 1987 Goñi et al., 2001) . Excessive fishing has depleted spiny lobster populations, especially in the Northeastern Atlantic where it is now a by-catch species (Latrouite and Noel, 1997) . In Tunisian waters, over 70 artisanal vessels and about 420 fishermen engage in lobster fishing every year. The fishing activity is regulated by an annual closure during the eggbearing period (15 September to 1 March), by a minimum landing size (MLS) of 20 cm of total length (TL) and by a ban on catching berried females.
Knowledge of the reproductive biology is one of the main concerns in formulating proper management practices for exploited species (Kao et al., 1999) , including the determination of female spawning patterns and maturity ogives (Tomkiewicz et al., 2003) . The essence of fisheries management is to allow exploitation of the stock for economic and social benefit whilst maintaining its reproductive capacity at a level that provides adequate recruitment each year (Chubb, 2000) . Although macroscopic examination can allow the determination of different female reproductive stages, histological studies additionally provide detailed information about cellular substructures and their prevalence during the entire reproductive cycle. Cellular substructures can be recognized in the growing follicles and allow for unambiguous grading and interpretation of female reproductive status (Tomkiewicz et al., 2003) . For these reasons, histology has been commonly used in reproductive studies of several marine fish species. Oögenesis has also been studied with histology in many decapod crustaceans (Dhainaut and De Leersnyder, 1976; Zerbib, 1979; Erribabu et al., 1978; Beams and Kessel, 1980) and specifically in some spiny lobster species (Minagawa et al., 1997; Chang et al., 2007) . The aim of this work was to investigate oöcyte development by means of histological methods to understand the process of oögenesis and to determine the spawning strategy of this species. Additionally, we seek to validate Marin's (1987) macroscopic scale for reproductive stages of P. elephas.
MATERIAL AND METHODS

Area Study and Sampling
In Tunisia, red spiny lobster is exploited along the northern coast only between 8u409E and 11u209E ( Fig. 1) where the sea surface temperature ranges from 13.5uC (January) to 26.6uC (August). The professional fishing boats (called ''langoustier'') use trammel net (length: 500-1000 m, height: 2.5 m and mesh size: 70-80 mm) and operate during March-September; throughout this period the total number of fishing days is roughly 1200. Mean lobster yield ranges from 2 to 4 kg/day/500 m of trammel net.
The sampling for this study was carried out from March to October of each year during the period [2001] [2002] [2003] [2004] [2005] . A total of 87 females were brought to the laboratory in order to identify histologically the various oöcyte JOURNAL OF CRUSTACEAN BIOLOGY, 30(3): 401-412, 2010 developmental stages and to describe the kinetics of oögenesis and the spawning strategy of P. elephas. The kinetics of oögenesis represents the progress of oöcyte maturation, whereas the spawning strategy describes the mode and rhythm of oöcyte ovulatation and spawning (Tyler and Sumpter, 1996; Gaamour, 1999) . Females were selected from different length classes and sexual macroscopic maturity stages.
Lobsters were measured in total length (TL) and carapace length (CL) to the nearest 0.2 mm, and total body (BW) and gonad mass (GW) were weighed to the nearest 0.01 g. Macroscopic maturity stages were recorded according to the 7-stage macroscopic scale of Marin (1987) . The application of the current study to support or validate this macroscopic scale is one of the main of the present work. This scale establishes the reproductive stage of red spiny lobster on the basis of color (yellow to red brick), gonad body occupancy (from first segment to the third one) and the ovaries' aspect (presence/absence of visible oöcytes). The seven stages are: I for immature or sexual resting, II for beginning of development, III for developing, IV for maturing, V for mature, VI for spawning, and VII for spent and recuperation.
Histological Procedure
Three portions (anterior, middle and posterior) of each ovary lobe from lobsters at the same macroscopic ovarian maturity stage were fixed in Bouin's solution. Each portion was sectioned transversally and longitudinally at 5 mm, stained with Masson's Trichrome and mounted in Eukitt (Carson, 1990; Gaamour, 1999) . Each section was examined with a Leica microscope using different magnifications. The photomicrographs of histological developmental stages and measurement of oöcytes were performed using an image analysis system (Leica microscope, Moticam 480 camera, PC and Optimas 6.5 software from Media Cybernetics), Each oöcyte on photomicrographs was contoured with Optimas software using variable contrasts and its surface area and area-equivalent diameter were calculated. Comparing transversal and longitudinal sections for the same ovary portion and sections from different ovary portions, we found that there were no differences in the size and proportion of oöcyte stages between lobes in each ovary. Thereafter for the histological study, only a portion of the middle part of the ovary from each female was chosen to facilitate manipulations. Periodic Acid Schiff (PAS) was also used to stain sections for determining the presence of carbohydrate components in the oöcytes (Johnson et al., 1981; Minagawa et al., 1997; Okumura, 2004) .
During oögenesis, oöcytes develop continuously through different steps. Some steps can be identified as oöcyte development or maturation stages according to their microscopic features (Morua and Saborido-Rey, 2003) . The number of microscopic stages of oöcyte development varied with species and was determined according to the methods. In this study, identification of representative histological development stages is based on oöcyte, nucleus and cytoplasm sizes, cytoplasm homogeneity, inclusions type (biochemical nature: lipid, carbohydrates or protein; origin: endogenous or exogenous) and quantity (Tan-Fermin et al., 1989; Schirling et al., 2006) and cumulative oöcyte size frequency distributions (as used in Tomkiewicz et al., 2003) .
To determine the range of oöcytes diameters at the different developmental stages, the area equivalent diameter of at least 80 cells per stage was measured. Only oöcytes showing nuclei sectioned approximately at the equatorial plane were measured (Peixoto et al., 2005) .
Post-ovulatory follicles and atretic oöcytes were equally considered as ovary characteristic elements in the reproductive strategy study. Indeed, post-ovulatory follicles and atretic oöcyte stages are used as indicator of previous spawning activity (Hunter and Macewicz, 1985) . The ovarian cycle was determined histologically based on the relative frequency of the different oöcyte developmental stages and post-ovulatory follicles. The number of these ovary elements (oöcyte stages, post-ovulatory follicles) counted per specimen ranged from 193 to 444, depending on ovarian phase and section area. For each histological ovarian phase, the macroscopic maturity stage and the gonadosomatic index (GSI 5 100*GW/BW) were analyzed in order to validate the use of such indices for studying the reproductive cycle of P. elephas.
Statistical Analysis
For each developmental stage, the frequency distribution of oöcyte diameter was determined and the mean diameter (6 standard deviation) and the nucleoplasmic ratio (NPR) as Dn/Dc, where Dn is the diameter of the nucleus and Dc that of the cytoplasm, were estimated. The Weibull (1951) function was fitted to the cumulative relative frequency distribution of oöcyte diameter for each development stage. The equation of this function is: y~1{exp({x=a) b , where: y is the cumulative relative frequency; x is the oöcyte diameter and a, b are constants. In our work, the study of cumulative relative size frequency distributions was used as a test to validate a hypothesis on spawning strategy established from oöcyte diameters.
Females with similar relative frequencies of ovary elements (oöcyte stages and post-ovulatory follicles) were grouped into various histological ovarian development phases. Each ovarian development phase was then characterized by the relative frequency, expressed as mean 6 standard error of each ovary element. The vitellogenic oöcyte diameter-frequencies per ovarian histological structure or ovarian maturation phase were treated in two ways; first, relative frequencies of oöcyte diameter were calculated per class size; the results were presented as histograms. Second, the cumulative relative frequencies of oöcyte diameter were then used to establish the Weibull (1951) functions for each ovarian maturity phase. In this study, the smallest vitellogenic oöcyte measured 135 mm. Based on that observation, only oöcytes having a diameter $ 135 mm were considered in our analysis.
RESULTS
Studied females ranged in size from 59.2-136.0 mm CL, corresponding to weights of 173.5-1718.0 g. The ovaries ranged in color from milky white, yellow, varying intensity of orange and brick red; and in aspect from smooth, granulous or with visible oöcytes. The length of the posterior part of the left/right ovary varied with ovarian development; it reached from the first to the third segment of the pleon depending on ovary maturity. GSI varied between 0.25 and 10.34%, with an average of 3.21 6 2.66%.
Oögenesis
The analysis of the ovaries histological slides allowed division of the oögenesis into 4 stages: pre-vitellogenesis, vitellogenesis, maturation, and atresia as well as into 7 substages: 1) early primary oöcyte; 2) late primary oöcyte; 3) primary vitellogenic oöcyte; 4) early secondary vitellogenic oöcyte; 5) late secondary vitellogenic oöcyte; 6) hyaline oöcyte; and 7) atretic oöcyte. Oöcyte diameter, nucleus diameter, nucleoplasmic ratio (NPR) and cumulative relative size frequency distributions fitted by Weibull function determined for oöcyte substages appear in Table 1 and a description of the oöcyte substages follows.
Early Primary Oöcyte (St1).-The oöcytes are rounded small cells and consist of a limited homogeneous and basophilic cytoplasm. The nucleus with an approximate diameter of 18 6 3.6 mm, occupies the totality of the oöcyte section (Fig. 2a) .
Late Primary Oöcyte (St2).-The cytoplasm and nucleus have increased in diameter, but the NPR is reduced. The Table 1 . Stages of oögenesis, range and mean 6 standard deviation (in parentheses) of oöcyte diameter (OD, in mm), cytoplasm gradually loses its basophilia and becomes slightly stained with hematoxylin ( Fig. 2b) .
Primary vitellogenic oöcytes (St3) have a more acidophilic cytoplasm than earlier oöcyte substages. The nucleoli are located close to the nuclear envelope which is characterized by an irregular shape (Fig. 2c) . Four main components emerge through the development of St3 as follows: zona radiata (vitelline envelope), lipid inclusions (or droplets), cortical alveoli, and carbohydrate inclusions.
The zona radiata appears as a thin Periodic Acid Schiff (PAS) positive band with an homogeneous structure and mean diameter of 2 mm. Lipid droplets, with the aspect of vacuoles and cortical alveoli stained with hematoxylin, appeared simultaneously in the periphery of the cytoplasm (Fig. 2c) . Carbohydrate inclusions exhibiting a positive PAS reaction appeared firstly in the peripheral part of the cytoplasm and gradually increased in number to fill the entire cytoplasm (Fig. 2c ). St3 is a vitellogenic oöcyte and its high frequency in histological sections signals the first ovarian maturation phase.
Early secondary vitellogenic oöcytes (St4) are characterized by the accumulation of little yolk inclusions in the peripheral cytoplasm, under carbohydrate inclusions. These yolk inclusions gradually spread in the cytoplasm and they frequently fuse in a centripetal way. The central accumulation of yolk spheres displaces the cortical alveoli to the peripheral zone. Therefore at this substage, the cytoplasm is heterogenic and characterized by the arrangement of inclusions into two rows (bands). Vitellogenic inclusions filled approximately , 50% of the cellular volume (Fig. 2d) .
Late secondary vitellogenic oöcytes (St5) are voluminous (Table 1) . These oöcytes are characterized by homogenous cytoplasm (no bands of inclusions). At this substage it was difficult to distinguish between cytoplasmatic inclusions, they fused and appeared of similar color and size. Vitellogenic inclusions filled approximately . 50% of the cellular volume (Fig. 2e) . Their presence indicates proximity to spawning period.
Hyaline oöcyte (St6) is the final vitellogenesis substage (maturation). At this substage, just prior to ovulation, the hydration phase begins with a rapid uptake of fluid by the oöcyte and the coalescence of yolk spheres and oil droplets. The result is a cytoplasm completely occupied with greatly hydrated vacuoles (Fig. 2f) . Thus before spawning, St6 accumulates vitellus and its size increases until the rupture of follicles (granulosa) and thecal cell layers. This rupture occurs synchronously to spawning. After ovulation, these two oöcyte elements remain in the ovary and undergo a regression process to form a new structure that can be observed in post-ovulatory follicles histological sections (Fig. 2h) .
Atretic oöcyte (Atr) follows ovulation, the vitellogenic oöcytes remaining in ovaries exhibit an uneven and granular appearance and then degenerate. Atresia affects firstly residual St6 oöcytes and subsequently St5, St4 and St3 oöcytes. Atresia is manifested by cytoplasm disorganization and nucleus breakdown. The zona radiata diffuses with the yolk spheres and disappears. The granulosa cells undergo hypertrophy and melts in the oöcyte, broken yolk components merge and then are digested (Fig. 2g ).
Ovarian Structures: Oöcyte Compositions and Maturity Phases
Ovarian histological sections exhibited grouped and piled oöcytes interspaced with ovarian stroma and blood-vessels. Different microscopic phases can be observed during the ovarian development cycle. Each phase can be characterized according to the frequency and diameter of its oöcyte stages and by the appearance of post-ovulatory follicles and atretic oöcytes. During all phases, oögonia and previtellogenic oöcytes (St1 and St2) are present in the ovary. Therefore, after the examination and the comparison of the different ovarian sections, six successive ovarian development phases were identified: juvenile, sexual resting, beginning of vitellogenesis, vitellogenesis, spawning, and post-spawning and recuperation. The ovarian histological study allowed two clarifications: 1) the ovarian macroscopic stages ''mature'' and ''spawning'' established by Marin (1987) have the same microscopic features and 2) the histological section of ovaries in stage II or at beginning of ovarian development as described by Marin (1987) do not contain previtellogenic oöcytes. For these two reasons the macroscopic scale of Marin (1987) can be modified first by grouping stage V (mature) and stage VI (spawning) under a common same stage called ''spawning,'' and secondly by renaming stage II as a ''sexual resting stage.'' The correspondence between ovarian microscopic characteristics, ovarian macroscopic scale and GSI evolution during ovarian maturation is described in Table 2 . Females in beginning of vitellogenesis stage were observed from March to May. Individuals with ovaries in vitellogenesis stage appeared in May and June. Ovaries in spawning stage were found in July and August. The post-spawning and recuperation stage begins in the month of August. The sexual resting stage has been characterized to some individuals caught in the beginning of March. The presence of juveniles was observed year-round. 
Spawning Strategy
Primary oöcytes (St1, St2) were present in all ovarian phases. At advanced stage of oögenesis, vitellogenic oöcytes with their big size occupy the totality of the histological sections leaving very little space for previtellogenic oöcytes, which were absent in many sections. We followed the evolution of vitellogenic oöcytes during ovarian development in order to define the spawning strategy. Accordingly, only oöcytes with diameters greater than 135 mm, i.e., including late primary oöcytes and the smallest primary vitellogenic oöcytes, were considered for analysis. The oöcyte diameter frequency distributions were established for each sampled mature female. Since the beginning of vitellogenesis, two populations of oöcytes were recognized. The first population is homogeneous and composed of large oöcytes forming a clutch that develops synchronously and will be spawned during the current breeding season. However, the second population is heterogeneous and composed of smaller oöcytes from which the next clutch will be recruited (Fig. 6) . This second population is composed by oöcytes St3, which will not be released in the current spawning and will become atretic in the post-spawning and recuperation ovarian stage, and by perivitellogenic oöcytes which will be spawned in the next breeding seasons. Based upon the dynamics of the organization of the ovary, Marza (1938) and Wallace and Selman (1981) defined three types of ovarian development: 1) synchronous; all oöcytes develop and ovulate at the same time, 2) group-synchronous; at least two populations of oöcytes can be recognized at any one time; a fairly uniform population of larger oöcytes (defined as a clutch) and a more heterogeneous population of smaller oöcytes that will contribute to future clutches. The former are the oöcytes to be spawned during the current breeding season, while the latter are the oöcytes to be spawned in future breeding seasons. 3) asynchronous; oöcytes of all stages of development are present without dominant populations. Based on this useful classification of ovarian types, the ovarian development of the red spiny lobster can be considered as ''group-synchronous.''
The bimodal distribution of oöcyte diameters and the presence of a single clutch of mature yolked oöcytes during the breeding period confirms that P. elephas spawns only once during every sexual cycle. By definition, such species are known as ''synchronous ovulators'' (Tyler and Sumpter, 1996) or as ''total spawners'' (Murua and Saborido, 2003) .
The synchronous ovulation found in this study suggests the existence of one rhythmic pulse of oöcyte maturation. Homogeneous oöcyte clutches are recruited and separated from perivitellogenic oöcytes at the beginning of ovarian development and then mature synchronously. We suggest that the most advanced oöcyte group (clutch) in the oöcyte diameter frequency distribution could also be used to determine the ovarian development phase. Cumulative size frequency distributions were established for each oöcyte development substage in all histological sections for specific ovarian phases and were used to validate this hypothesis.
In females at the beginning of vitellogenesis, oöcyte diameter frequency distribution is composed especially of one oöcyte population with diameter ranging between 135-505 mm and some St2 and St3 which do not participate in the current spawning (Fig. 6a) . Cumulative size frequency distributions established for all histological sections of the current ovarian development phases present a similar (Fig. 4b) .
Ovaries are yellow, larger and extend to the first abdominal segment, with gametes visible as punctuations, but are otherwise similar in appearance to ovaries of the juvenile phase. GSI ranges 0.25-0.55 and averages 0.43 6 0.12 Beginning of vitellogenesis
The most advanced oöcytes are at the primary vitellogenic oöcyte (Fig. 4c) . Due to their greater size, St3 oöcytes are dominant in ovarian sections and represent 50% of all oöcytes (Fig. 5) .
Ovaries are pale orange and have a granular aspect with visible oöcytes. Gonads occupy J of the cephalothorax cavity and extend to the first or second abdominal segment. GSI ranges 0.42-2.8 and averages 0.95 6 0.53. Vitellogenesis
Ovaries are dominated by early secondary vitellogenic oöcytes (St4, see Fig. 4d ) representing 59% of all oöcytes, with previtellogenic and St3 oöcytes accounting for smaller shares of 17% and 24%, respectively (Fig. 5) .
Ovaries are turgescent and of an increasingly dark orange hue, occupy approximately 50% of the cephalothorax area and extend to the second abdominal segment and exceptionally to the third. Each ovarian lobe presents many circumvolutions and the anterior part of the ovary is inflated. Gametes are rounded and well individualized. GSI ranges 1.12-4.24 and averages 2.87 6 0.76. Spawning
Identified by the presence of late secondary vitellogenic oöcytes (St5, see Fig. 4e ) representing 72% of all oöcytes, along with 6% previtellogenic, 3% St3 and 19% St4 oöcytes (Fig. 5 ).
Ovaries are dark orange to brick red, occupy L of cephalothorax area and are more circumvoluted. The oöcytes appear definitely dissociated. The ovary wall is stretched and very fragile. GSI ranges 1.15-10.34 and averages 6.2 6 2.27. Post-spawning and recuperation
Post-ovulatory follicles indicate recent spawning (Fig. 4f) ; they represent about 13% of oöcytes (Fig. 5) . The remainder are atretic oöcytes at various stages of degeneration. Atresia signals the end of the spawning season and start of the recuperation phase.
Ovaries are spent and flask and occupy only about half of the cephalothorax area, but still extend to the first abdominal segment. The ovary is orange immediately after spawning due to diffuse vitellus, but becomes whitish as vitellus is resorbed. Ovarian cavity is visible as a longitudinal and hyaline channel. GSI ranges 0.76-1.28 and averages 0.97 6 0.18. Weibull fit and were significantly comparable to the Weibull function defined for St3 (Fig. 7a ). This phase corresponds to the recruitment of oöcytes clutch which will be spawned in the current spawning season. In females at the vitellogenesis, two populations of oöcytes are seen, a first group of some St3 with diameter not exceeding 345 mm and a second group of larger oöcytes composed of early secondary vitellogenic oöcytes (St4) with diameter varying between 575 and 955 mm (Fig. 6b) . Cumulative size frequency distributions were established for all females classified at the current ovarian development phases (Fig. 7b) . Fitted by Weibull function, we found that there no significant differences in the cumulative size frequency between females analyzed.
In females at spawning, two population of oöcytes are also present with the same group of smaller St3 oöcytes (diameter # 305 mm) and a group of larger late secondary vitellogenic oöcytes (St5) with a diameter of 865 to 1285 mm (Fig. 6c) . Cumulative size frequency distributions of vitellogenic oöcytes for this group of females are shown in Fig. 7c . The distribution is bimodal with Weibull functions corresponding to St3 and St5 oöcytes. These bimodality supports the hypothesis of the presence of one clutch of oöcytes which evolves homogenously and synchronously during ovarian development. Vitellogenic ovarian phases predefined in the last paragraph can be characterized according to oöcyte diameter and cumulative size frequency distributions.
DISCUSSION
To identify ovarian structures during ovary development, a microscopic scale of oöcyte development stages was established for the first time for P. elephas. Oögenesis is a sequence of processes culminating in oöcyte maturation and consists of various stages in decapod crustaceans (Krol et al., 1992) . The most conspicuous event in oögenesis is yolk accumulation, and therefore the production mechanism of yolk (Minagawa et al., 1997) . Several detailed descriptions of oögenesis have been made; however, the terminology used to describe different stages of oögenesis varies according to authors and species. The roman numeral or the alphabetical classifications are very different and sometimes misleading in many species (Ravaglia et al., 2002) . The classification that seems to be the most appropriate is one that briefly describes some remarkable characteristics of oöcyte development (Ravaglia et al., 2002) and this recommendation formed the basis for establishing oögenesis stages for P. elephas.
In this study, the description of oöcyte stages is based especially on three major elements observed under the light microscope: 1) oöcyte and nucleus size, 2) quantity and distribution of different inclusions, and 3) oöcyte diameter frequency distributions. Additionally, the important St3 oöcyte, which is transitional stage between previtellogenic and vitellogenic stages, can be recognized by more characteristics including the zona radiata and an irregularly shaped nuclear envelope. The yolk precursor, the site of yolk production and meiosis division have been the focus of a previous study on spiny lobster Panulirus japonicus (von Siebold, 1824) performed with electron microscopy (Minagawa et al., 1997) .
Oögenesis in decapod crustaceans has been separated into two phases common to various species: the proliferative phase (oögonia) and the differentiative phase (previtellogenesis, vitellogenesis and maturation) (Adiyodi and Subramoniam, 1983; in Minagawa et al., 1997) . Additionally, we consider the atresia stage to be an oögenesis stage. In our work, we were interested in establishing the spawning strategy for spiny lobster by histology so we described only the differentiative phase. We found that the macroscopic pre-vitellogenesis, vitellogenesis and maturation stages could be divided into six microscopic substages. This is the same number of established substages (Chang et al., 2007) for Panulirus penicillatus (Olivier, 1791). Minagawa et al. in 1997 defined nine substages for P. japonicas. Based upon substage descriptions and photomicrographs of oöcytes, we tried to establish a correspondence between substages determined for the various species of palinurids (Table 3) . The oil globule, pre-yolk platelet and yolk platelet (earlier) substages determined by Minagawa were confounded within our primary vitellogenic oöcyte substage (St3). This substage (St3) is characterized by the rapid oöcyte growth, accompanied by accumulation of yolk. At this substage in P. elephas, the appearance of inclusion types in cytoplasm occurs quickly making it difficult to resolve successive yolk accumulation phases. Also, consideration of production yolk site and of meiosis division to characterize oöcyte development by electron microscopy can explain differences between the three studies.
In some ovaries, it is very difficult to get good and complete histological sections of mature oöcytes (St4 and St5) for measuring nuclear diameter. Mature oöcytes are quite large, so the probability of cutting an oöcyte through its nucleus is small. Fixed yolk platelets have a hard crystalline structure that makes the paraffin-slicing process quite difficult, as was also observed by Ravaglia et al. (2002) . In many sections, we categorized oöcyte type according to the type of inclusions. Also, we must mention that the hyaline oöcyte (St6) is very difficult to find in histological sections because: 1) they appear in ovaries for a few hours from just prior to just after spawning, and 2) St6 oöcytes are very fragile and rupture rapidly after contact with the fixative. However, we were able to fix early atretic oöcytes in postspawning ovaries, so that this substage was categorized. Due to the small numbers of atretic oöcytes, we were unable to define a Weibull function for them. The cumulative size frequency distribution of oöcytes was used to help discriminate between ovarian vitellogenesis stages that were similar in appearance.
Several related oöcyte stage have been described in the literature (Ravaglia et al., 2002; Tomkiewicz et al., 2003) by following yolk appearance during oögenesis to define oöcyte stages. In P. elephas, cortical alveoli and lipid droplets are the first vitellogenic structures that appear during vitellogenesis. Lipid inclusions serve as a source of nutrients for the embryo. However, one of the important . RJEIBI ET AL.: P. ELEPHAS REPRODUCTIVE BIOLOGY functions of cortical alveoli is to prevent polyspermy by hardening the vitelline envelope after fertilization (Nagahama, 1983) . Their formation indicates the beginning of St3 development (Fig. 2c) , allows us to differentiate St3 oöcytes from previtellogenic St2 oöcytes, and introduces the primary vitellogenic oöcyte. Yolk inclusions (carbohydrate inclusions) gradually increase in number with St3 development until they occupy almost all of the cytoplasm (Fig. 2c) . They produce the first true important accumulation of reserve.
The appearance of St3 oöcytes in histological sections indicates that females were preparing to reproduce. However this ovary characteristic alone does not allow the distinction between immature and mature specimens. The appearance of St3 oöcytes does not guarantee that vitellogenesis will be completed. During our study, some immature females, approaching the size of first maturity, contained in their histological sections some St3 that would become atretic. The problem to confuse between immature and St3 oöcytes is particularly important during the analysis of poor and incomplete histological sections.
Ovarian phases during sexual cycle were categorized according to the composition (percentage) of oöcyte types. Afterwards, females having the same structure were grouped to define an oögenesis stage. Thus in our work, ovarian development study was based on direct observation and counting under light microscopy of oöcyte types in a fraction of the histological sections. Image analysis, used in this work as a quantitative method for measuring gametogenetic activity, is a useful tool that yields very precise information about histology of reproductive tissues by analyzing various cell types. Previous studies showed that variations in oöcyte size are good descriptors of the annual trend of the reproductive cycle (Meneghetti et al., 2004; Kurita et al., 2003; Tomkiewicz et al., 2003) . In this work, variations in oöcyte size during vitellogenesis have been used to categorize ovarian development phases and to classify females. Based on the oöcyte diameter frequency distribution in the ovary, the spawning strategy of red spiny lobster has been defined. The use of oöcyte diameter frequency distributions can reduce classification error associated with determination of oöcyte stages based on composition of inclusions. This is especially true if electron microscopy is not available to resolve meiotic phases and the origin of inclusions as in Minagawa et al. (1997) and Chang et al. (2007) . However, the reliability of oöcyte measurements depends on the oöcyte being sectioned through the nucleus and that the most mature oöcytes are not deformed by compression.
In this study, the percentage of post-ovulatory follicles and atretic oöcyte is used to identify post-spawning and recuperation ovarian stage. We have chosen to combine these two ovary stages because post-ovulatory follicles and atretic oöcyte can be found in females in such large percentages that it is difficult to separate one stage from another. We need to use the age of the post-ovulatory follicles to identify post-ovulatory stage and by definition this stage becomes the stage which contains young postovulatory follicles great percentage. Nether less in the present work combining post-spawning and recuperation does not affect substantially the expected outcome.
The macroscopic scale of Marin (1987) , the most used in reproductive studies of P. elephas, was established without histological ovary analyses. For this reason, we analyzed its different stages by comparing the gross anatomy of ovaries with their histology. The agreement between histology stages and morphological changes in ovaries was remarkably good. The fine grading of the modified Marin (1987) scale will be useful in future research to establish maturitysize curve of the female population, allowing a detailed recording of the seasonal occurrence of the different reproductive stages. The high quality of maturity data obtained by histological studies will be important to establish stock-recruitment relationships and to address the effects of parental stock composition on population reproductive potential (Chubb, 2000) . Reproductive potential is a measure of the capacity of a population to produce viable eggs and larvae, and can be considered as the main outcome of a reproductive strategy (Murua et al., 2003) .
Having the same histological structures, the mature and spawning stage established by Marin (1987) were regrouped under the same stage ''spawning.'' The ''spawning'' stage of Marin's (1987) macroscopic scale corresponds to the hydrated oöcyte (final stage before spawning) which exists only for a few hours to one day, making it very difficult to sample. The ephemeral nature of the hydrated oöcyte was confirmed with specimens maintained in a closed seawater system in our laboratory. Also, we renamed Marin's (1987) stage II (beginning of development) as a sexual resting stage, because the histological sections contained only previtellogenic oöcytes.
The histological study has allowed the precise categorization of ovarian phases of the spiny lobster reproductive cycle. However due to the lack of precision on the exact period of the appearance of these phases, the sexual cycle was not established. This imprecision from us being unable to sample spiny lobster during the annual fishery closure (15 September to 1 March), except during October. Contrary to other species of spiny lobster, such as Panulirus Cygnus, Panulirus japonicus and P. penicillatus, which lay eggs more than once annually (respectively Chittleborough, 1976; Minagawa et al., 1997; Chang et al., 2007) , Palinurus elephas has a unique annual spawning period and spawns during a short period of two to three months in the year. The knowledge of oöcytes and ovary development documented in the present paper may constitute the basis and a standardized protocol for the study of the reproductive strategy of the European spiny lobster P. elephas. The reproductive strategy of species is the overall pattern of reproductive common to most individuals of a species. The reproductive strategy is identified with regard to oöcyte development, ovary organization, recruitment of oöcytes and spawning pattern (Murua et al., 2003) .
